Operational and economic trade-offs in the design of second-generation biomass (SGB) supply chains guide the decisions about plant scale and location as well as biomass collection routes. This paper compares different SGB supply chain designs with a focus on mobile pyrolysis plants and centralized versus decentralized collection of biomass in terms of economic and environmental sustainability. Pyrolysis scenarios are also compared to fuel-upgrading and electricity production scenarios.
Introduction
In the last decade, the bioenergy markets have been evolving and a policy shift towards second generation biomass (SGB) has been observed particularly in developed countries. The European Union (EU)'s recent bioenergy legislation imposes the reduction of the share of food-based bioenergy in the renewable energy sector from 10% to 5% to reduce the adverse impacts of biofuels on climate and land use change. As a result, in order to meet multiple policy objectives, the European Commission (EC) aims at subsidizing the best-performing bioenergy production pathways [1] .
As in many primary resource cases, SGB faces competition from several production pathways resulting in different outputs such as biofuel, electricity, and heat. The production of these outputs results in different economic and environmental performance depending on several spatial (e.g., dispersion of biomass locations), logistical (e.g., centralized or decentralized collection), operational (e.g., on-site or fixed-location processing), and technological variables (e.g., availability of multi-processing pathways) [23, 24] . This paper firstly aims at comparing the economic and environmental performance of the production of pyrolysis-based biofuels and electricity via different production pathways at a regional level by analysing the trade-off impacts of these variables in a case study. The empirical context of this case study is based on the processing of SGB, namely reed, roadside grass, and landscape wood, in the Overijssel region (Eastern Netherlands), which is primarily agricultural with natural areas exhibiting a range of ecosystems of differing biomass composition. Drawing on the case study data, the paper secondly aims at comparing, at a supply chain level, the economic and environmental performance of fixed and mobile pyrolysis plants.
The economic viability of SGB use is strongly influenced by financial barriers, as harvesting, transporting and processing SGB are costly [2] . This triggered the development of new pre-treatment and conversion technologies, one of which is pyrolysis. Pyrolysis is a thermochemical conversion of organic biomass into bio-oil, biochar and gas in the absence of oxygen under high temperature [3] . Slow pyrolysis yields bio-char as the main product while fast pyrolysis yields bio-oil as the main product and bio-char as a byproduct [52] . In this paper, fast pyrolysis is the reference technology. Even though fast pyrolysis has a higher thermal efficiency and lower production and handling costs [4] , biomass transportation is still an important cost component. Hence, mobile pyrolysis plants, performing on-site conversion, have been under investigation ( [5] - [7] ). Whereas mobile pyrolysis plants could be effective to reduce conventional transportation costs, their higher installation and routing costs decrease their economic advantage compared to fixed processing units. While intuitively, enterprises could foresee that the economic advantage of mobile pyrolysis plants depends on the dispersion degree of SGB locations, it is difficult to predict the degree of dispersion and the size of collection area that can be economically feasible. In our study, we consider dispersion and seasonality of SGB as critical factors for the supply chain performance.
While pyrolysis can be considered as an efficient pre-treatment process, the bio-oil produced is not suitable, due to its high oxygen content, as a transportation fuel without further pre-treatment or blending with conventional (i.e., fossil) diesel. One of the recent technological developments to cope with this problem is hydrodeoxygenation (HDO) to remove the oxygen using hydrogen under high pressure in the presence of a catalyst to form water [8] . The upgraded oil obtained from HDO can be (1) commercialized, after blending with conventional diesel, as a fuel for agricultural machinery or ships or (2) further processed into diesel and gasoline in conventional refineries. As a result of the presence of these different technological options, in our paper we compute and compare the final production costs of blending and refining the upgraded oil.
Finally, the paper compares the above-mentioned options with electricity production in already existing wood-firing units in the Overijssel region. The case of electricity production is provided as the benchmark scenario since currently the existing wood-firing units in the region do not burn reed, roadside grass, and landscape wood. To make a fair comparison between the scenarios, we assume that all of the existing wood-firing units employ only SGB types mentioned in this paper. Thus, we can, at the regional level, provide insights into the rational use of SGB biomass in the bioenergy sector. Our overall objective is to contribute to the EU being able to balance the multiple objectives of competitiveness, sustainable development, and security of supply in its energy policy [9, 10] .
Spatial and temporal availability of biomass as well as location maps of (temporary) mobile pyrolysis plant set-ups are used in a cost analysis. Total production costs and potential final product prices (compared to their fossil counterparts) are measured as economic sustainability indicators. CO 2 emissions and energy output/input ratios, on the other hand, serve as environmental performance indicators.
The paper is structured as follows. Section 2, drawing on the literature, provides a description of the processes within a Secondgeneration Biomass Supply Chain (SGBSC). The case study together with the four scenarios for biomass collection and processing is presented in Section 3. The results of these scenarios are presented in Section 4 and discussed in Section 5. The paper concludes with implications from the study and policy recommendations in Section 6.
Second generation biomass supply chains
We consider three main stages of a Second-generation Biomass Supply Chain (SGBSC): harvesting and collection, pre-treatment, and processing/upgrading. Each stage might contain more than one process. Depending on the scenario design, transportation might be before or after pre-treatment. Specific to our case study, (mobile) pyrolysis is considered as pre-treatment while HDO, blending, and refining make part of processing/upgrading. Three different stages are described in the following subsections while the transportation process specific to each scenario of the case study is detailed in Section 3.
Harvesting and collection
Designing SGBSCs involves taking into account several spatial aspects of the biomass feedstock in relation to the location of the pre-treatment unit (if it exists) and the bioenergy production plant ( [11, 12] ). Quantifying the number of journeys and the distances of SGB transport depends on a number of parameters such as location of biomass, degree of dispersion of biomass fields, energy density and water content of biomass. In this section, we provide basic information about harvesting and collection of reed (R), roadside grass (RG) and landscape wood (LW).
Bioenergy feedstock may originate from natural areas such as non-agricultural grasslands or reed land vegetation. In the Dutch province of Overijssel, reed lands are mainly found clustered within wetland areas in the Northwest of the province. Landscape Wood collected by the municipalities, has a completely different distribution pattern. Citizens can bring garden waste to centralized collection points and storage places provided by municipalities. Rest material from the maintenance of parks and trees along roads is also brought to these municipal dumps. The distribution of roadside grass is not determined by natural factors but is linked to transportation infrastructure. Landscape wood and roadside grass are found at scattered locations across the Overijssel region.
Reed harvesting occurs in the winter period, since the cutting process is easier on frozen wetlands. Roadside grass is mown once (usually September or October) or twice (usually May and June) per year depending on the composition of grass species. Landscape wood is harvested in early spring and summer with the composition depending on whether it is from tree-pruning or general park and garden maintenance.
Spatial biomass availability is often derived from statistical databases linked to administrative units ( [13, 14] ). These statistics reflect biomass quantities aggregated over an area, e.g., within a municipality, province or country. Other studies derive biomass quantities from inventory data combined with land use maps or earth observation data ([15e17] ). Such inventory data include site productivity and harvestable amounts of biomass over time. This provides more spatially explicit information about biomass availability in space and time. Researchers face the challenge to aggregate spatial variability to such a level that they are meaningful in calculation models and can be up-scaled to higher geographical levels [18] .
In our paper, biomass location data for reed and roadside grass is taken from Corine Land Cover maps [19] , which provide detailed spatial information with exact locations and roads to reach these locations. Total available biomass is calculated by multiplying land size (info available) and productivity rates. For landscape wood, biomass location and quantity are available on a municipal level in Province Overijssel biomass atlas [20] .
The distribution of different feedstock types is an essential aspect of collection. In respect of efficiency in harvesting and transport, it matters whether the individual areas to be harvested are large or small and whether they are clustered or homogeneously distributed. Another important aspect is the seasonal availability of biomass feedstocks [6] . Accessibility in terms of terrain and land ownership may also influence the availability of biomass for energy production ( [21, 22] ). It seems logical that harvesting large, well-connected areas requires fewer biomass transport moves compared to smaller and isolated patches, per unit harvesting surface. For example, Yazan et al. (2011) [23] measure, in agro-energy supply chains, the negative environmental and economic impacts of high degree of dispersion and low accessibility levels of biomass fields.
Low energy density and high water content decrease the transportation efficiency of SGB, leading to higher logistical costs [24] . Together with high technology costs, this increases market barriers for second generation bioenergy. Hence, companies have been searching for alternatives such as on-site processing or pretreatment before transportation to an upgrading unit, so that the unit of transported energy can be increased. Mobile pyrolysis plants are considered as one of these alternatives, which we explain in the next sub-section.
Fast pyrolysis and mobile pyrolysis plants
In fast pyrolysis, dry biomass is processed between 400 and 600 in the absence of oxygen into bio-oil, bio-char, and gas [54] . Temperature plays a critical role in the yields of these products and a typical yield is 5e15% bio-char, 10e30% gas, and 60e75% bio-oil [54] . Oasmaa et al. (2003) [25] emphasize that the main advantages of fast pyrolysis are the high thermal efficiency and low fossil fuel consumption that is needed to drive the reaction. While the high oxygen content of the bio-oil represents a drawback from a commercial perspective, this can be off-set by the value-added from selling the bio-char.
The pyrolysis bio-oil can be used in boilers or gas turbines [26] to produce heat and electricity [27] . Extensive research has been done on upgrading pyrolysis bio-oil suitable for use as transportation fuel and chemicals (e.g., [8] and [28] ).
Bio-char is a very rich fertilizer and it can improve the soil physical properties [29] . Consequently, it has added value to SGBSCs based on pyrolysis and it can be commercialized. Syngas, containing hydrogen, carbon monoxide and some chemicals, can be further processed and used as a substitute for natural gas in boilers [30] . In our scenario analysis, we consider syngas as a re-feeding energy source to keep the high temperature necessary for the pyrolysis process.
Mobile pyrolysis plants are under discussion as a partial solution for high logistics costs. Several studies analyse the logistical advantages and economic feasibility of mobile pyrolysis plants. Badger and Fransham (2006) [31] emphasize the significant energy density difference between bio-oil (1200 kg/m3) and other types of biomass such as baled grasses (190 kg/m3), solid wood (400 kg/ m3), and pellets (640 kg/m3). Furthermore, they highlight the advantages stemming from the simplicity of handling bio-oil in processing units, e.g., for electricity production.
In our paper, we analyse the feasibility of mobile pyrolysis plants from both an economic and environmental (via CO 2 emissions and energy use accounting) perspective. We additionally consider the further processing of bio-oil leading to different outputs. These processes are detailed in the next sub-section.
Hydrodeoxygenation (HDO)
, blending with diesel, and refining into gasoline and diesel Hydrodeoxygenation (HDO) is one of a number of bio-oil upgrading routes to remove the oxygen using hydrogen under high pressures in the presence of a catalyst to form water [32] . HDO can be considered as a two-step process. In the first step, pyrolysis bio-oil is stabilized at 150e175 C and then deoxygenation is achieved at 250e380 [33] . The process is costly particularly due to the high hydrogen consumption and catalyst purchasing. Approximately half of the pyrolysis bio-oil is upgraded into HDO oil [8] . The other outputs are aqueous phase, gas, and water. Obtained upgraded oil can be blended with conventional diesel and used as a ship or agricultural machinery fuel or further processed in conventional refineries to obtain diesel and gasoline [34] .
While blending is a physical process, refining into gasoline and diesel is a chemical process. Product yields are given at a constant rate of 60% conversion with the use of a micro activity testing (MAT) reactor for catalytic cracking. Almost half of the output is gasoline (44%), while liquefied petroleum gas (LPG), light cycle oil (LCO), dry gas, coke and water are the co-products. Parkash (2003) [28] and Gulf (2006) [35] analyse the hydrotreating and hydrocracking which result in 95% gasoline and 5% diesel outputs per given feed. Different conditions (pressure, temperature, etc.) may cause slight changes in output rates. However, given our focus on a complete supply chain analysis, we do not detail these technical issues. The interested reader is referred to [36,28 and 35] for more details.
Case introduction
This section presents the case study. First, we provide details on the available biomass and processing locations. Second, we introduce the four scenarios considered in this paper. Third, we explain the calculation of transportation distances for each of these scenarios. Finally, we explain the monetary and environmental computations for SGB processing.
Biomass and processing locations
Fig. 1 displays the reed locations and the roads from which the roadside grass is collected. Fig. 1 also shows the municipality centres where the mobile pyrolysis plant is assumed to stop while processing the biomass from those municipalities and the centre of the region where the fixed pyrolysis plant, HDO unit, and blending unit are hypothetically located. Fig. 2 represents the availability of landscape wood at municipality level together with the location of electricity generation units (EGUs) capable of biomass burning. 11 EGUs, displayed in red, with a capacity of higher than 500 kW th are taken into account in the scenario analysis.
The LGN6 land cover data of the Netherlands (obtained from Wageningen Research Centre) is used for the extraction of reed land vegetation. This raster map has a grid of 25 m Â 25 m and an accuracy of 80e90% depending on the land cover types considered [37] . The raster map is polygonised and clipped to extract the land cover within the Province of Overijssel. Reed land vegetation is selected from the map and stored as a separate layer. The main areas of reed land vegetation are found in the North-western part of the province, in wetland areas and along the river IJssel. In respect of biomass transport efficiency, we ignore small and isolated patches. Therefore, we only extract reed land areas with a patch size higher than 1 ha within the municipalities of Steenwijk, Kampen, Olst, Zwartewaterland, Staphorst and Zwolle. All area sizes of reed land patches that meet these criteria are summed up, resulting in a total of 4060 ha of reed land vegetation. Productivity within reed lands are assumed to be 10 tonnes wet matter per hectare with a harvest rate of 50% [38] , because around 50% of the produced biomass is harvested for the reed industry. Water content of reed is assumed to be 50%. The collection is assumed to take place during the winter (DecembereFebruary).
The area of roadside grasslands is extracted from the roadside management map obtained from the state body, Rijkswaterstaat. This organisation maintains 870 ha of roadside grasslands in the province of Overijssel [39] . 563 ha of grassland are mown once per year (grassland type 1, SeptembereOctober) while 307 ha are mown twice per year (grassland type 2, JuneeJuly and SeptembereOctober). Productivity is around 8 tonnes fresh mass grass/ hectare. Usually 1 tonne/ha is left on the roadside. Therefore, we assume the harvest rate to be 87.5%. Water content is assumed to be 75% [40] .
The availability of landscape wood is provided as annual values in the Biomass Atlas of the Overijssel region. Therefore, the total harvested quantities are assumed to be equal to the 20% of the total annual yield in each of the five collection periods, i.e., March, April, July, August, and November. Annual total yield is 15,763 wet tonnes of landscape wood, with a water content of 50%. The total yields of all three biomass types per location and collection period are given in the Appendix, Table 3 .
Setting the scenarios
We analyse four main scenarios within our case study: (S0) Is the benchmark scenario, in which the biomass is collected and transported to the nearest electricity generation unit (EGU) to produce electricity. (S1) A mobile pyrolysis plant processes the locally available biomass on-site in the centre of each municipality. The pyrolysis oil and bio-char are sent to the regional upgrading unit where HDO up-grading and blending with diesel take place. Bio-char is sold in local market. (S2) Biomass is collected and transported to a regional processing unit where pyrolysis, HDO up-grading, and mixing with diesel occur. Bio-char is sold locally. (S3) A mobile pyrolysis plant performs the on-site conversion and the pyrolysis oil is sent to an oil refinery outside the region (in Rotterdam). HDO up-grading and refining into diesel and gasoline take place in the oil refinery. Fig. 3 illustrates the supply chain flow diagrams of the four scenarios considered in this paper. There are seven main processes, displayed by P n with n ¼ 1, …,7. Each process has one main output, and these outputs are exchanged among the processes (i.e., biomass, distance covered for transportation, bio-oil, upgraded oil) or directed to the final market (i.e., electricity, blended oil, refined oil). Transportation is modelled as a process and its principal output is measured by the distance covered to convey the output of a process to another one. Hence, transportation serves as an input process [53] for biomass harvesting to convey the SGB to pyrolysis or electricity production. Measuring the output of transportation in terms of distance facilitates the computation of transportation costs for which we have unit distance prices (i.e., V/km). Additionally, there are primary inputs purchased from outside the supply chain (e.g., workforce, gasoil, fuel-oil, H 2 , catalyst, diesel) and wastes emitted (e.g., CO 2 , aqueous phase, water) and byproducts (e.g., gas) recycled within the supply chain or sold in the market (e.g., bio-char).
Transportation
We distinguish between three types of transportation resources: (1) biomass trucks, (2) bio-oil/char trucks, and (3) the mobile pyrolysis plant. A biomass truck and a bio-oil/char truck have a capacity of 20.5 t wet biomass and 16 t of bio-oil/char mix. A mobile pyrolysis plant processes 18 t dry biomass/cycle. In practice, a mixture of different trucks will be used, e.g., tractors for transport on unpaved roads and shorter distances and container combinations (truck carrying two open containers) for transporting large quantities of biomass over larger distances. As in scenarios 1 and 3 biomass transportation distances are shorter than in Scenarios 0 and 2, we assume that transportation is done by the abovementioned biomass and bio-oil/char trucks with average capacities. In order to compute the travel distances, we first introduce a number of assumptions.
We pre-define the harvesting periods, but allow flexibility for collecting biomass outside these periods. To analyse the effect of seasonality as a constraint, we compute penalty costs caused by non-processed biomass and discuss the results in Section 5. Capacities of EGUs are assumed to be fully available for the biomass types under investigation. These EGUs do exist in the region, in contrast to the (hypothetical) mobile and fixed pyrolysis units investigated in S1, S2, and S3. When the capacity of the nearest EGU is full, the rest of the biomass is attributed to the second nearest EGU and so on. Therefore, the distance is considered as the first criterion for attributing the biomass to an EGU. In total 11 EGUs are considered. Their production capacities are provided in the Appendix, Table 4 . In S0, harvested biomass is transported to the nearest EGU by a biomass truck. For the biomass serving an EGU located in the same municipality, the average transportation distance is assumed to be 5.4 km, which is based on the average distance between biomass fields and the corresponding municipality centres. The distance between biomass harvesting points and the mobile pyrolysis plant is also assumed to be 5.4 km. Bio-char is sold as an alternative fertilizer. The time required to collect biomass does not form a bottleneck for the operation of the mobile pyrolysis plant (it takes far more time to process biomass than to collect it). The time required to move the mobile pyrolysis plant between municipalities is assumed fixed, since the transportation time is low compared to the set-up time, i.e., this time is included in the setup time. When the mobile plant starts processing a biomass type within a municipality, it continues processing it until there is nothing left to process (or in the analysis of the seasonality impact the end of the harvesting season is reached). Capacities of biomass trucks, the mobile pyrolysis plant, and the bio-oil/char trucks are in line with the assumed processing capacity of the mobile pyrolysis plant, which is 18 t per 4 h cycle. In S1 and S3, the biomass truck and the mobile pyrolysis plant travel together between the municipalities. The bio-oil/char truck travels between the mobile pyrolysis plant and the upgrading unit or conventional refinery. Each municipality centre is a stopping place for the mobile plant in S1 and S3. However, as we aim at identifying the impact of stopping times that influence set-up costs, we also aggregate the 25 municipalities into five groups defining only five stopping points. We discuss the results of this aggregation in Section 5. In S1 and S3, the mobile pyrolysis plant can only be positioned at the centre points of municipalities.
We distinguish between the following travel distances:
Distance to drive between the municipality centres where the mobile plant is installed. This distance is travelled by the mobile pyrolysis plant as well as the bio-oil/char truck in S1 and S3. D bm : Distance required to get all biomass to the right place (i.e., to the EGU in S0, to the mobile pyrolysis plant in S1 and S3, and to the regional processing unit in S2). D bo : Distance required to get the bio-oil to the right place (i.e., to the regional upgrading unit in S1 and to the oil refinery in S3).
To compute D bm (km) and D bo (km), we determine for each municipality and biomass type the number of transport movements and multiply this by the distance d times two (round trips). For D bm (km), the number of transport movements is given by the mass of the collected biomass divided by the biomass truck capacity (Q bm ) (tonne). This mass is given by the available biomass of type b in municipality i (x b,i ) (tonne) times the fraction h b we are able to process of this biomass type b:
For S1 and S3, we replace d by the travel distance d min within municipalities. For S2, we replace d with the distance d r,i between municipality i and the regional plant. For S0, we have an additional decision: send the biomass to which EGU? Therefore, we introduce a decision variable f bik to indicate the fraction of processed biomass type b in municipality i that is assigned to EGU k. Then, the equation for , the number of transport movements is given by the mass of the bio-oil and bio-char divided by the capacity of the bio- 
The distance D vrp (km) is slightly more difficult to compute. We have to move the mobile plant and the biomass truck from municipality to municipality taking into account seasonality in biomass availability. This problem can be modelled as a Vehicle Routing Problem (VRP), see Ref. [41] . In the VRP, a number of vehicles, located at a central depot has to serve a set of geographically dispersed customers. Each vehicle has a given capacity and each customer has a given demand. The objective is to minimize the total distance travelled. Specifically, we are dealing with a VRP with time windows, the VRPTW. In the VRPTW, each customer has a given demand and has to be served within a given time window. In our case, the vehicle is the combination of the mobile pyrolysis truck and the biomass truck. The central depot where the vehicles depart from is the regional plant. The "customer" is defined as a certain type of biomass within a municipality during a given time period. Note that when there are multiple harvesting seasons for a certain biomass type, we might have multiple "customers" with the same biomass type and municipality. The objective is to minimize the distances given by the complete tour starting from the depot, travelling among all "customers", and returning to the depot again. Travel times, setup times for the mobile plant, and processing times of the mobile plant determine how much biomass can be processed within the harvesting seasons (the fraction h b ). When the seasonality limit is not considered, the h b value equals the harvesting rate of biomass, whereas it is less than the harvesting rate when seasonality limits the collection quantity. There exist many different solution algorithms for the VRP. We use the well-known Clarke-Wright savings algorithm [42] to construct an initial solution. To further improve the solution, we apply the following improvement heuristics: 2-opt and swap operations (exchanging the position of customers within the route) and Or-opt operations (relocating a sequence of at most 3 customers). For more information, we refer the interested reader to [43] .
After solving the VRP, we multiply the complete tour distance by two (since we have two trucks travelling the tour) resulting in a total distance D vrp . In addition, we determine h b for each biomass type based on the amount of biomass we were able to process for each "customer". Then, the total distance covered in each scenario D t is:
Cost-benefit analysis
In this sub-section we show the cost and benefit computations. Table 1 summarizes all costs and benefits of biomass supply chains associated with our scenarios. Transportation distances are multiplied by the unit transportation cost c t to obtain transportation costs.
Biomass, fuel-oil, hydrogen, catalyst, and non-taxed diesel purchasing costs are computed by multiplying the purchased mass x (tonne) by the unit price of the related purchase p (V/tonne). For biomass, the variables x and p are indexed by the biomass type b, and the available mass x is also indexed by the municipality i. To distinguish between the fuel-oil, hydrogen, catalyst, and non-taxed diesel purchasing costs, the variables x and p are extended with the superscripts f, h, c, and d respectively. The mass of non-taxed diesel to be used in the blending process in S1 and S2 is three times the produced upgraded oil after HDO. So, the blended oil is composed of 25% upgraded oil and 75% non-taxed diesel.
Labour cost is calculated with respect to each process n (n: 1, …,7, ns1), by multiplying the necessary labour time t lb n (hour) in process n by the unit cost c lb n (V/hour) of labour associated with process n. We do not consider the cost of labour of the harvesting process (n ¼ 1) since this is included in the biomass purchasing cost.
Each set-up of the mobile pyrolysis plant (in S1 and S3) results in unit set-up cost c su (V). The total set-up cost is given by c su times the number of stops t su of the mobile plant. Amortization costs are computed by dividing the investment costs of the processes I n (n ¼ 1, …,7, ns1) over their lifetime t n . Indirect costs include management, coordination, worker training, and other organizational costs and are considered as half of the amortization costs. Furthermore, for labour, amortization and indirect costs, n must be an active process of the scenario under investigation, e.g., process 3 is electricity generation, in which labour, amortization and indirect costs of process 3 should not be included in scenarios 1, 2, and 3.
Revenues from bio-char sales are computed by multiplying the unit market price (p bc ) (V/tonne) with the produced quantity of bio-char (y bc ) (tonnes). To compute the revenues from sales of the final products, i.e., electricity, blended oil, and refined oil, we multiply the produced amount of final product y fp (e.g. MWh, tonne) by the average market price p fp (e.g. V/MWh, V/tonne) of its fossil-based counterpart produced by conventional methods. The spatial data used in this paper, including transportation distances, feedstock availability, feedstock location, and productivity rates, are the real data specific to the Overijssel region and the existing refinery in Rotterdam. The technological data, such as pyrolysis, HDO, and refinery outcomes, are average values obtained from the literature. Additionally, part of the data is based on scenario construction, such as the location of the fixed pyrolysis and upgrading unit, capacity of the mobile pyrolysis plant, and capacity of the trucks. An overview of the relevant data is given in the Appendix, Tables 5, 6 , and 7.
CO 2 emissions and energy use
CO 2 emissions are computed on the basis of each supply chain MWh) from biomass use in electricity production. The equation for the energy output/input ratio is calculated by dividing the total energy content of the final product(s) by the total energy spent in harvesting, transportation, pyrolysis, HDO upgrading and electricity generation. However, identical data is used as in the CO 2 emissions computation. In addition to the aforementioned energy use, there is also diesel input in the blending process of S1 and S2, which is three times the quantity of the upgraded bio-oil. We compute the energy output/input ratio by dividing the total energy content of the final output and bio-char by the total energy spent in all processes. Results are displayed in the next section.
Results
Following the scenario set-ups and equations provided in Section 3, results for our case study are summarized in Figs. 4e13. The scenarios differ from each other in terms of their supply chain design and their main output types.
To make a comparison between the scenarios, we provide some of the performance indicators per unit output or per unit input. For S1, S2, and S3, we consider the upgraded oil as the first main output. Blended oil and refined oil (into gasoline and diesel) are considered as the next main output. This is due to the fact that applied processes are different after the upgrading phase and the amount of final outputs dramatically changes, i.e., the mass of blended oil is four times the mass of upgraded oil as the mixing ratio of upgraded oil/diesel is 1:3, while only 60% of the upgraded oil can be refined into gasoline and diesel. Hence, unit costs of production and CO 2 emissions are both presented in terms of their unit input and output for all scenarios.
Results are summarized in the following two sub-sections, the first based on the economic sustainability analysis and the second based on the environmental and social sustainability analysis.
Economic sustainability
Figs. 4 to 8 summarize the economic sustainability performance of all scenarios. Part A refers to the performance values with respect to the first main outputs and Part B refers to the performance values with respect to the second main outputs.
We see from Fig. 4 that in the specific case of Overijssel, that in all scenarios the total costs outweigh the benefits. Benefits are computed by multiplying the fossil-based counterpart price with the amount of product and adding the economic value recovered by bio-char sales. Total costs are computed as the sum of all costs listed in Table 1 . Implementation of a mobile pyrolysis supply chain (S1) appears slightly less costly than the implementation of the centrally fixed pyrolysis supply chain (S2). Identical results are obtained also for unit production costs (Figs. 6e8) . This is particularly interesting considering that the mobile plant is set-up 116 times/ year with a cost of 2232 V per set-up [5] . Thus, it appears that for processing 44,300 tonnes of biomass dispersed in a transportation range of 19.4 km, the mobile pyrolysis plant is economically more sustainable than a fixed one. Indeed, Fig. 5 shows that S1 results in the least transportation costs.
Regarding the unit production costs (Fig. 6 ), both S1 and S2 produce upgraded oil with a cost (976 and 1003 V/t upgraded oil, respectively) three times higher than the crude oil price, which is 39.3 US$/barrel or 297 V/t [44] . Hence, these options appear not to be economically advantageous, particularly when crude oil prices are low. In the case of oil-blending (Fig. 7) , the unit costs of blended oil in S1 and S2 (844 and 851 V/t blended oil) are also not competitive against the fossil-based marine fuel prices, which range between 173 V/mt to 350 V/mt [45] with respect to the fuel quality in the port of Rotterdam. Since this paper does not enter into detail regarding the technical and chemical characteristics of the produced blended oil, we neglect fuel quality. In S3, the unit Fig. 4 . Total production costs. cost of refined oil is computed as 1762 V/t of refined oil (Fig. 7) , which is composed of 95% gasoline and 5% diesel. We compute the average non-taxed production cost of such a mix of fossil energy sources, using non-taxed Dutch prices [46] and find an average value of 1071 V/t. Hence, also conventional refining is not economically sustainable in this stage. However, refined oil economically performs better against its fossil-based counterpart than upgraded oil and blended oil (i.e., refined oil costs 1.6 times more than its fossil counterpart in S3, upgraded oil costs three times more than its fossil-based counterpart in S1 and S2, and blended oil costs between 2.5 to five times more than its fossilbased counterpart in S1 and S2). This implies that the technological improvements with respect to upgraded oil are able to reduce the production costs, but prices are still not competitive. Economic sustainability of conventional refinery processing is strongly influenced by the low yield of hydrocracking ( [28] and [35] ) and high transportation costs as found in our scenario analysis (Fig. 5) . Therefore, technological improvements might play a role in reducing the production costs. Biomass areas in the proximity of a conventional refinery are the preferred option for increasing the economic sustainability of bio-oil from pyrolysis. The benchmark scenario S0 produces electricity at a noncompetitive cost of 129 V/MWh (Fig. 7) compared to a business electricity price of 89 V/MWh in the Netherlands [46] , i.e., 1.4 times more costly than its fossil-based counterpart. In terms of unit biomass processing costs, electricity production appears to be the most costly route to convert one unit of biomass into electricity, which requires 177 V/t of biomass input (Fig. 8) . This value is, in S1, S2, and S3 respectively, 123, 127, and 132 V/t of biomass input. Considering that electricity production appears to provide the most competitive final output compared to its fossil-based counterpart, the electricity route in S0 has a greater chance of economic success if the production costs could be reduced and/or incentives are provided by (regional) governments.
Environmental sustainability and employment
Figs. 9 to 13 display the environmental sustainability and employment indicators.
In terms of environmental performance, measured on the basis of CO 2 emissions, a fixed pyrolysis unit is better, i.e., 620 t CO 2 vs 540 t CO 2 , and 111 vs 97 kg CO 2 /t upgraded oil, compared to the fixed plant (Figs. 9 and 10 ). This implies that the CO 2 emissions caused by fuel-oil use in each set-up notably reduce the environmental performance. However, it is worth taking into consideration that the CO 2 emissions caused by bulky biomass transportation to the fixed pyrolysis unit are also dramatic.
Referring to S0, we find a total emission of 23.5 M kg of CO 2 /year, which seems to be much higher compared to other scenarios (Fig. 9) . However, the CO 2 emissions caused in the use phase of blended and refined oils are not computed in the paper due to a lack of data regarding the carbon content of these final products. In fact, Figs. 10 and 11 depict a unit emission of 385 kg CO 2 /MWh and 530 kg CO 2 /t wet biomass in S0, which is in the range of emission data (130e420 kg/MWh) published by Intergovernmental Panel on Climate Change ( [47, 48] ).
We can also quantify the CO 2 emissions' economic value to understand whether carbon taxation could have an impact on the competitive power of the final products. According to Carr and Vitelli (2015) [55] the EU average CO2 tax is 8.30 V/t. In our scenarios, the total emissions are 23,510, 620, 540, and 780 tonnes respectively. This would result in a total carbon tax ranging between 5000 and 195,000 V, which does not significantly affect the economic performance of the scenarios.
Alternatively, we can compute the amount of CO 2 tax necessary for the fossil-based counterparts to achieve a situation where the renewable biofuels become market-competitive. To make a fair comparison, we consider the taxed prices of fossil fuels. Excise duty, which is the indirect tax for energy sales, is 766 V/1000 l gasoline and 482 V/1000 l diesel in the Netherlands [46] . We compare the upgraded oil with the fossil-based crude oil in S1 and S2. 1 t of crude oil contains 45% gasoline and 29% diesel [56] with an average density of 0.737 kg/l for gasoline and 0.885 kg/l for diesel [57] . Accordingly, the excise duty u g for gasoline is 1039 V/t gasoline and the excise duty u d for diesel is 545 V/t diesel. In the use phase, CO 2 emission factors are 3.163 kg CO 2 /kg gasoline and 3.132 kg CO 2 /kg diesel [58] . p uo , p co , and p CO2 denote the unitary production costs of upgraded oil, the untaxed unit price of crude oil, and the carbon tax for fossil-based counterparts, respectively. 
Applying Equation (4) to S1 and S2, we find a CO 2 tax of 23 V/t CO 2 in S1 and 34 V/t CO 2 in S2. Although these findings are 3e4 times of the current CO 2 tax (8.30 V/t), the production cost of upgraded oil in S1 (976 V/t) and S2 (1003 V/t) is almost equal to the taxed price of crude oil. Then, considering that 1 t of crude oil emits approximately three times CO 2 of its weight, the associated carbon taxation would be around 10% of the taxed crude oil price having slight impact on the market competition of biofuels. If we consider the taxation over kerosene and residual fuel which form the remaining part (i.e., 26%) of the crude oil, then, there would be no need to compute the CO 2 tax to understand biofuel competitiveness since the taxed price of crude oil would exceed the production cost of the upgraded oil. For S3, the refined oil is compared with gasoline (95%) and diesel (5%) mix. We introduce p ro as the production cost of refined oil and p mix as the untaxed price of the fossil-based counterpart. 
In this case, the taxed price (including excise duty and excluding CO 2 tax) of a fossil-based fuel mix, i.e., 1071 þ 987 þ 76 ¼ 2134 V/t, is already higher than the production cost of the upgraded oil, i.e., 1762 V/t. Hence, less taxation over biofuels compared to their counterparts would enhance the economic viability of pyrolysisbased biofuel production.
Employment is also assessed as the unique social sustainability indicator. Fig. 12 shows that the highest levels of employment are for electricity production, which has a more labour-based processing pathway, while S3 employs more workers than S1 and S2 due to an increase in transportation moves.
The energy output/input ratio is calculated by dividing the total energy content of the final product(s) by the total energy spent in harvesting, transportation, pyrolysis, HDO upgrading and electricity generation, and varies between 6.99 and 7.54 in Scenarios 1, 2 and 3 ( Fig. 13) , which is a satisfactory range for a second generation biomass supply chain compared to values considered in the literature. For example, [49] computes the energy output/input ratio of pyrolysis in a range of 3.00e9.00 and [50] considers a range between 7.30 and 13.19.
Discussion
We discuss our findings comparatively between scenarios from two perspectives: the performance of the production pathways and the impact of different spatial configurations on these performance.
Production pathways
Our case study shows that the four technological pathways for processing second-generation biomass are not economically competitive against their fossil-based counterparts.
As not all of the production pathways produce identical output, the most relevant economic sustainability indicator is the competitive power of each main product compared to its fossil counterpart. Electricity production appears to have the lowest cost difference with its fossil-based counterpart (i.e., 1.4 times higher production costs), while refined oil (i.e., 1.6 times higher production costs) performs not as well as electricity but better than blended oil (i.e., three times higher production costs).
As might be expected, trade-offs are possible. Although the electricity pathway performs better economically compared to the other scenarios, its environmental performance is low. In terms of environmental performance, the mobile plant is worse than the fixed plant while economically, the results are vice-versa.
The findings can be influenced by several external variables such as decreasing market prices of fossil fuels as we have witnessed within the last few years. This is a challenge for alternative energy markets struggling to tackle with market barriers such as the bioenergy sector. Reusing the produced energy within the same bioenergy supply chain can also be considered as an environmental impact reduction strategy minimizing the use of fossil fuels. This would further reduce the ecological footprints of bioenergy production, which are already considered to be satisfactory compared to their fossil-based counterparts.
In-depth analysis of CO 2 emissions shows that in S0 the emissions are predominantly caused by biomass burning for electricity production (98%). In S1, transportation, pyrolysis, harvesting, and upgrading cause 8%, 18% 36%, and 37% of CO 2 emissions respectively, while the pyrolysis' impact on emissions in S2 is minimized due to the reuse of gas produced in the process. Gas re-feed is applied also in S1; however, in each set-up fuel-oil is used to reach the necessary high temperatures. In S3, as expected, the increased transportation distance leads to increases in CO 2 emissions.
In terms of cost components, harvesting appears to be the most expensive process, accounting for around 65% of the total costs, followed by HDO upgrading, pyrolysis, and transportation costs. High hydrogen and catalyser prices and high investment costs cause the HDO upgrading to be an expensive process.
Fixed and mobile pyrolysis plants and spatial variables
S1, S2, and S3 are comparable on the basis of upgraded oil. A mobile pyrolysis plant performs better in terms of unit production costs. Palma et al., 2011 [5] simulate the future performance of a mobile pyrolysis plant that is being manufactured in USA. They integrate an annual Monte Carlo financial statement model that incorporates multiple variables including estimated conversion ratios, yields, and machinery and labour costs. The stochastic variables related to transportation costs are derived from a geographic information system (GIS), which identifies the locations of corn stover in Illinois and Texas, and energy sorghum in Nebraska. Net Present Value is used as the economic indicator, but an environmental analysis is not performed. Results show a higher (economic) success probability for the stationary case (i.e., fixed plant case) compared to monthly, bi-monthly, quarterly and bi-annual moves. The contrast with our findings indicates that for small regions like Overijssel, mobile pyrolysis could be preferred instead of a fixed plant, since when the collection area is larger, the biomass transportation distances to the mobile unit becomes longer. In addition, when the biomass is agriculture-based, then the produced bio-char might be used in the area of feedstock production avoiding the related transportation cost. In contrast to [5] , biomass types considered in our paper are not agriculture-based and bio-char is transported to the central production units.
Our findings are obviously influenced by several variables: spatial (e.g., size of land where biomass is dispersed, transportation distance), feedstock-related (e.g., moisture content of biomass, seasonal biomass availability), operational (e.g., number of mobile plant setups, plant and truck capacities), and technological (e.g., pyrolysis or HDO yields, plant energy conversion efficiency). Since the primary focus of this paper is on supply chain design, we address the most relevant two variables' impact within S1: (i) land aggregation (to reduce mobile plant set-up costs) and (ii) seasonality (to limit biomass processing within pre-defined harvesting seasons).
Given the noticeable impact of the mobile plant set-up costs on the economic and environmental performance, we applied another scenario (named Scenario 1b, S1b) where the 25 municipality lands are aggregated into five groups. Therefore, the mobile plant can only stop in five sub-region centres instead of the 25 municipality centres. Results showed that even though there is a slight increase in transportation costs (the average sub-region biomass collection distance from biomass fields toward the centre is 13 km instead of 5.4 km), the set-up savings are considerable, reducing the overall costs by 20% with a reduction of 80% in set-up times (26 times instead of 116 times). This further induces a reduction in fuel-oil use of approximately 28 tonnes/year, which saves 90 tonnes of CO 2 emissions. Hence, locating the mobile pyrolysis is a critical factor both for better economic and environmental performances.
Next, we address seasonality in S1, where the biomass is allowed to be processed only within the pre-defined harvesting seasons. Our analysis showed that 221 t landscape wood (LW) and 18,764 t reed (R) during the November to February period are not processed due to seasonality constraints. This means a loss of 22% of processing capacity, which in turn would reduce the economic sustainability of the supply chain. This implies that the biomass collection should be flexibly organized not to encounter penalty costs caused by missing or excess processing capacity.
Our case example resulted in a slight economic difference between S1 and S2, which means that for larger regions and more dispersed biomass lands, the mobile plant should be used with minimum possible set-ups as the transportation distance and costs increase due to the decision of processing biomass of a larger area (i.e., the land aggregation case).
Conclusions
In this paper, we applied scenario analysis to the case of secondgeneration biomass (SGB) processing in Overijssel. We compared several SGB supply chains, designed according to different technological options for processing landscape wood, reed, and roadside grass. Using the case study, this paper provides an understanding of the economic and environmental trade-offs between the mobile and fixed pyrolysis plants as well as between biofuel production and the convenience of refining and electricity production.
Integrated bioenergy production is expected to play a crucial role in the implementation of a bio-based economy, which evolves from the bottom-up and is formed by the experience and needs of all supply chain actors. In addition, processes such as HDO and conventional refining are still not commercially available and by the development of existing technologies, production costs might decrease. In this context, we expect our paper to contribute to the literature with managerial, practical and policy implications. The contribution of this paper to theory is in the domain of biomass logistics by analysing not only the collection but also the processing of SGB in mobile pyrolysis plants, which is given less attention in the literature. The paper provides managerial and practical implications applying a supply chain analysis taking into account several logistical, operational, and spatial variables. Accordingly, the paper offers initial insights about the importance of supply chain design and alternative processing technologies. Furthermore, showing a need for economic support for market competition, our findings might stimulate policy-makers to evaluate alternative taxation or subsidy schemes.
Further research might address several diversified configurations. Some other design scenarios can be tested, such as increasing/decreasing transportation distances to measure maximum acceptable distances, implementing production/emission taxation to ensure sustainable production, sensitivity analysis of feedstock prices to estimate the associated impact of suppliers on the economic performance, or subsidies to increase the competitiveness of biofuels.
From a logistical perspective, it is also possible to further analyse whether mobile pyrolysis units are convenient in larger regions with different degrees of dispersion of the biomass. Not only onsite biomass processing but also on-site oil upgrading and on-site sales could be assessed.
In terms of supply chain coordination, the use of the main outputs within the same SGB supply chain can be considered as a new business model where farmers provide the SGB to the biofuel producers and receive the biofuel back at a competitive price. This could be a way of obtaining value-added in a closed-loop supply chain where the environmental effects could be reduced. Table 7 Data related to pyrolysis [51] , HDO [8] and refining in conventional refinery [36] .
APPENDIX
Pyrolysis data Grass/reed (adapted to RG and R)
Forest residues (adapted to LW) 
60%
Gasoline yield from refined oil 95% Diesel yield from refined oil 5% 
